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ABSTRACT 
D. K. Hsu*, T. A. Gray and R. B. Thompson 
Ames Laboratory-USDOE 
Iowa State University 
Ames, IA 50011 
In ultrasonic NDE measurements the detection of subsurface 
flaws is of practical importance, especially flaws too far from the 
surface to be detected by eddy current methods and yet close enough 
to the surface for the flaw-surface interaction to be important. 
In this paper we report experimental results of ultrasonic scat-
tering measurements of subsurface flaws in the presence of a fluid-
solid interface and compare these results with theoretical calcu-
lations of subsurface flaw scattering. Comparison of the absolute 
value of the scattering amplitude in terms of frequency, flaw-to-
surface distance, ultrasonic mode and scattering angle will be made 
for an oblate spheroidal void in the interior of bulk titanium 
and for a spherical inclusion near the surface of a thermoplastic 
sample. Results of applying the one-dimensional inverse Born 
algorithm to the sizing of near-surface flaws are also reported. 
This work was sponsored by the Center for Advanced Nondestructive 
Evaluation, operated by the Ames Laboratory, USDOE, for the Air 
Force Wright Aeronautical Laboratories/Materials Laboratory and 
the Defense Advanced Research Projects Agency under Contract No. 
W-7405-ENG-82 with Iowa State University. 
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INTRODUCTION 
In the usual descriptions of ultrasonic nondestructive evalua-
tion (NDE), a flaw in the bulk of a structural part is treated as 
a scatterer in an infinite elastic medium. A wealth of knowledge 
has been accumulated both for the scattering process and for the 
inverse process which infers flaw characteristics (size, shape, 
orientation and material properties) from the scattered waves. When 
a flaw occurs near an interface, the problem is more complicated 
because both the flaw and the interface serve as scatterers, and 
these phenomena have not been studied in as great a depth. However, 
from a NDE point of view, the ability to detect and characterize 
subsurface flaws is as important as the infinite medium case. 
Operating stresses are often greatest near surfaces, and subsurface 
flaws can be initiators for cracks that eventually develop into 
surface breaking cracks. The location of a flaw beneath the sur-
face of a part makes the NDE particularly difficult. The flaw may 
be too deep for eddy current methods to be efficient yet close 
enough to the surface for flaw-surface interactions to be significant 
in ultrasonic scattering. Furthermore, in the common practice of 
ultrasonic inspection in an immersion tank, a subsurface flaw is 
in effect near a fluid-solid interface rather than a stress-free 
interface. 
The problem of elastic wave scattering from a near-surface flaw 
is being studied by several investigators with different approaches, 
including multiple scattering theory [1], Fourier optics formulation 
of the elastodynamic process [2] and T-matrix calculation of the 
scattered field ]3]. The objective of our experimental study is to 
perform initial measurements of scattering from near-surface flaws 
in order to gain insights to the problem and to compare the experi-
mental results with theoretical calculations when they become avail-
able. Specifically, we plan to compare our measured results with the 
on-going T-matrix calculations by Varadan et al. [3] for the scatter-
ed field from subsurface flaws in a solid half space joined to a 
fluid half space. 
As a preliminary step, concurrent to the theoretical calcula-
tions, we investigated the scattering from an interior flaw in the 
presence of a liquid-solid interface to gain experience on extract-
ing the scattering amplitude from the actual experimental data. 
The experimentally measured scattering signals were analyzed accord-
ing to a measurement model [4] to yield the absolute scattering 
amplitude which was then compared with the calculated scattering 
amplitude for a flaw in an infinite elastic medium. Backscattering 
from an oblate spheroidal void in the interior of a titanium disk 
was made in an immersion tank as a function of the incident angle. 
To study the flaw-interface interaction, we made scattering 
measurements on spherical and approximately spheroidal inclusions 
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located at various depths below the sample surface. These measure-
ments were also made with the sample immersed in water and as a func-
tion of the incident angle. In addition to a strong longitudinal 
(L+L) signal scattered by the inclusion, additional "trailing" sig-
nals were observed and identified. Finally, we have applied the one-
dimensional inverse Born approximation (a method developed for sizing 
interior flaws) to the case of near-surface flaws and determined 
the radii of spherical inclusions and the size, shape and orienta-
tion of a near-surface spheroidal inclusion. 
ABSOLUTE SCATTERING AMPLITUDE MEASUREMENT 
The scattering amplitude A is a quantity that relates the dis-
placement field Us of a spherically spreading wave scattered by the 
flaw to that of an incident plane wave Uo ' that is, Us=Uo(A/r)e-ikr. 
In an actual scattering experiment, however, one always uses a finite-
aperture transducer placed at a finite distance from the flaw. Appro-
priate diffraction corrections must therefore be made in order to 
relate the experimentally measured scattering signal to the scatter-
ing amplitude that is theoretically expected for an incident plane 
wave and far field detection. Thompson and Gray [4] have recently 
developed a measurement model which takes into account various dif-
fraction effects and transmission losses through an interface. For 
the measurement configuration shown in Fig. 1, this model allows the 
extraction of the absolute scattering amplitude from experimentally 
measured signals. That is, 
kd2 js (1) 
where w is the angular frequency, k is the wavenumber of the ultra-
sound in the solid, d is the transducer diameter, F(w) and R(w) are, 
respectively, the Fourier transforms of the measured flaw scatter-
ing signal and the reference calibration signal, TR and TF are the 
interface transmission corrections taking the wave both into and out 
of the solid for the reference signal and for the flaw signal, 
respectively, D is a diffraction correction factor to account for 
the beam spreading in the reference signal and C is the diffraction 
correction factor for the on-axis field at the location of the flaw. 
Both D and C are functions of the propagation distance in the water 
and in the solid for the respective signals. An attenuation correc-
tion factor to account for the path length difference between the 
flaw signal and the reference signal has been omitted from Eq. (1). 
In'this section we present experimental scattering results for 
a 200 x 400 ~m semi-axes oblate spheroidal void located at the 
center of a diffusion-bonded titanium alloy disk 10 cm in diameter 
and 2.54 cm thick. Unfocussed immersion transducers, 0.635 cm in 
diameter" were used in the backscattering measurements. The longi-
tudinal-to-Iongitudinal (L+L) scattering was conducted in the 0 to 
110 range of the incident angle in water and the transverse-to-
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Fig. 1. Schematic of the experimental configuration for scattering 
amplitude measurement using the measurement model of 
Thompson and Gray [4]. 
transverse (T+T) scattering was measured in the 160 -25 0 range of 
the incident angle. A reflected echo from the back surface of the 
titanium disk at normal incidence was used as the reference signal. 
The measured time domain signals were digitized and then Fourier 
transformed into the frequency domain to yield F(w) and R(w). The 
absolute scattering amplitude was then computed according to Eq. (1). 
Figure 2 shows the scattering amplitude obtained from the 
experimental data of L+L scattering at normal incidence and the scat-
tering intensity calculated by Varadan et al. in terms of a dimen-
sionless quantity A/a where a is the semi-major axis of the spheroid. 
Figure 3 shows the experimental and calculated results for L+L scat-
tering at an incident angle of 20. For L+L scattering we used a 
transducer which had a nominal center frequency of 10 MHz. Figures 
4 and 5 display the experimental and calculated results for T+T 
scattering at incident angles of 180 and 200 , respectively. A 5 MHz 
transducer was used in the T+T measurement. The fact that the 
experiment yielded a scatter~ng amplitude while the theory pre-
dicted an intensity makes a direct comparison difficult. However, 
Figs. 2-5 display the qualitative agreement between experiment and 
theory of spectral shape. Table 1 shows a quantitative comparison 
of the theory and experiment by presenting the absolute magnitude 
of the first peak in the scattering amplitude for both. In terms 
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Fig. 2. Experimental scattering amplitude A and scattering cross-
section (A/a)2 computed with a T-matrix method by Varadan 
et al. Here a is the semi-major axis of the oblate spher-
oidal void in titanium. Longitudinal waves were scattered 
at normal incidence using a 10 MHz transducer. 
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Longitudinal wave scattering at an incident angle of 20 in 
water. Other conditions same as Fig. 2. 
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Fig. 4. Transverse wave scattering at an incident angle of 180 in 
water. Measurements were made using a 5 MHz center fre-
quency transducer for an oblate spheroidal void in titanium . 
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Fig. 5. Transverse wave scattering at an incident angle of 200 in 
water. Measurements were made using a 5 MHz center fre-
quency transducer. 
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Table 1. Comparison of the absolute scattering amplitude deduced 
Mode 
L+L 
T+T 
from experimental data and the calculated scattering 
amplitude using T-matrix method by Varadan et al. (First 
peak in the frequency spectrum was used in this comparison). 
8w Aexpt(cm) Acalc(cm) 
00 0.076 0.054 
20 0.071 0.050 
40 0.059 ·0.042 
160 0.016 0.028 
180 0.023 0.026 
200 0.018 0.024 
of absolute comparison, the agreement is considered satisfactory. 
It should be pointed out that an attenuation correction factor should 
be included in Eq. (1) to account for the path length difference 
between the reference signal and the flaw signal. This correction, 
depending on the angle, was estimated to be approximately 30% or less. 
The frequency spectra of both the L+L and the T+T scattering 
signals showed periodic oscillations. These oscillations may be 
attributed to the interference between the specularly reflected 
signal and the "creep wave" which circumnavigated around the surface 
of the spheroid, as shown in Fig. 6. It can be shown that the time 
delay between these two signals is given by 
(2) 
where b is the distance between two tangent planes perpendicular to 
the scattering direction, c is the flaw circumference, UL is the 
longitudinal velocity and Uc is the creep wave velocity. Assuming 
the periodicity of the oscillations, ~f, is equal to the reciprocal 
of the time delay ~t, one can rewrite Eq. (2) in terms of the creep 
wave velocity Uc: 
c ( 1 
2 M 
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Fig. 6. Time delay between specularly reflected echo and creeping 
wave echo around the circumference. 
For the 200 x 400 ~m semi-axes oblate spheroid, c 
is given by the following expression 
2014 ~m and b 
(4) 
Using ~f values taken from the experimental curves and the theore-
tical curves, we have deduced the respective experimental Uc and 
the "theoretical" Uc for both the L+L scattering and the T+T scat-
tering. The results are tabulated in Tables 2 and 3. As can be 
seen the deduced creep wave velocity approaches the transverse 
velocity for the T+T case and the longitudinal velocity for the 
L+L case, with the agreement being somewhat greater in the former 
case. 
ULTRASONIC SCATTERING FROM NEAR-SURFACE FLAWS 
When a flaw is far from the surface of a sample and illuminated 
at normal incidence, the L+L signal scattered by the flaw is tem-
porally resolved from reflections from the sample surface. For 
non-normal incidence on an immersed sample, additional signals in 
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Table 2. Comparison of the periodicity bf in the experimental 
and computed L+L frequency spectra and the corresponding 
creep wave velocity Uc as obtained from Eq. (3). 
ew eTi b M expt bftheor. Ucexpt. Uctheory 
0 0 400 ].lm 4.9 MHz 3.8 0.71 cm 0.50 ~ ].lS ].lS 
2 8.7 413 4.2 3.9 0.58 0.53 
4 17.5 451 4.6 3.9 0.69 0.55 
6 26.8 508 5.5 4.1 0.99 0.62 
Table 3. Comparison of the periodicity bf in the experimental and 
computed T+T frequency spectra and the corresponding 
creep wave velocity Uc as obtained from Eq. (3) . 
ew eTi b bfexpt bftheory Ucexpt Uctheory 
16 34.6 56l].lm 1.71 1. 74 0.25 cm 0.26 cm ].lS ].lS 
18 39.6 596 1.80 1. 79 0.28 0.28 
20 44.8 631 1.84 1.84 0.30 0.30 
which the energy has been carried over part of its path by trans-
verse waves excited by mode conversion at either the liquid-surface 
interface or at the flaw appear. These can generally be resolved 
in time, as above, and in space, since the changes in their direc-
tions of propagation due to refraction at the liquid-solid interface 
cause them to miss either the flaw or the transducer. Thus, one 
usually focusses the attention either on the L+L or T+T signal scat-
tered by an interior flaw. For a flaw in the near-surface zone, 
however, the flaw signal will be overwhelmed by the strong reflec-
tion from the adjacent surface at normal incidence and scattering 
measurements must be made at oblique incidence. In this case, one 
would expect signals due to multiple scattering and mode conversion 
to come into play. The mode converted transverse waves are gen-
erally not spatially resolved from the L+L signal due to the finite 
size of the receiving transducer and the temporal separation of such 
signals from the L+L flaw signal is expected to depend on the flaw-
to-surface distance. It is therefore desirable to perform scattering 
measurements as a function of flaw depth and the incidence angle. 
In order to conduct a systematic study of ultrasonic scatter-
ing from near-surface flaws, we have fabricated a set of samples 
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containing inclusions at various depths. Stainless steel inclusions 
(shown in Fig. 7) were imbedded in plastic disks. Four spherical 
inclusions - 54, 59, 58 and 56 ~m in radius - were each imbedded 
in a plastic disk at respective depths of 35, 200, 440 and 710 ~~ 
measured from the flat surface of the sample to the top of the 
sphere. A sample containing a spheroid-like inclusion was also 
made. Figure 8 shows the configuration of the near-surface inclu-
sions. Ultrasonic pulse-echo measurements were made using a wide-
band ultrasonic pulse covering a frequency range of 3-20 MHz with 
the sample immersed in a water tank. 
Measurements were made as a function of the incident angle 
and the flaw depth. Figures 9 and 10 show the received signal as 
a function of the incident angle for a 56 ~m radius sphere 710 ~m 
below the surface and as a function of flaw depth, respectively. 
a 
Fig. 7. Photomicrographs of a 56 ~m radius stainless steel inclu-
sion and a 103 x 211 ~m prolate spheroidal inclusion. 
Both inclusions were imbedded in clear plastic disks. 
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NEAR-SURFACE INCLUSION 
SHPERE IIELLIPSOIDII 
SURFACE-------'-l----------
200\lm -
400 -
600-
0---: 54 I'm 
t= 35 JLm 
O r=59 ~ = 200 
o r = 58 
.= 440 
800- 0 r = 56 t = 71 0 
o 
Fig. 8. Configuration of near-surface inclusions. Each inclusion 
is embedded in a plastic disk sample. 
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130 100 
Fig. 9. Angular dependence of the scattered waveform from a 56 llm 
radius spherical inclusion at 1 = 710 llm. 
DEPTH DEPENDENCE 
1 =71 O).lm 
Fig. 10. Depth dependence of the scattered waveform from the four 
spherical inclusions shown in Fig. 8. The incident angle 
in water is 16°. 
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The received signals were digitized and their frequency spectra 
computed in order to identify those features characteristic of the 
near-surface geometry. Figure 11 shows the time domain signal and 
the frequency spectrum of the signal scattered at an incident angle 
of 220 for a 56 ~m spherical inclusion located 710 ~m below the 
surface. The time domain signal shows three distinct echoes and the 
frequency spectrum shows a strong periodicity of approximately 3.1 MHz 
and a weaker set of oscillations occurring half-way in between. 
A simple geometric consideration (see Fig. 12) shows that the 
time delay between the L+L signal specularly reflected backwards by 
the sphere and the L+T signal having a parallel return path (with 
the L+T mode conversion occurring at the surface of the sphere) is 
approximately given by 
(5) 
and the time delay between the T+T signal and the L+L signal is 
approximately 2~t. Here the T+T signal refers to the transverse 
wave converted from longitudinal wave at the water-solid inter-
face by refraction and then scattered from the sphere as a trans-
verse wave. The value of ~t given by Eq. (5) is approximate but 
the error is relatively small for t greater than the radius of the 
sphere. Based on such a calculation for the experimental conditions 
of Fig. 11, we expect the L+T echo and the T+T echo to occur, res-
pectively, at 0.31 ~sec and 0.62 ~sec after the L+L echo and there 
should therefore be two "beating" frequencies with periodicities 
of 3.2 MHz and 1.6 MHz, respectively. These predictions are in good 
agreement with the experimental results. Measurements made at an 
incident angle of 160 on a 58 ~m radius sphere located 440 ~m below 
the surface showed a periodicity of 5.4 MHz in its frequency spec-
trum and the predicted periodicity was 5.6 MHz. The L+T signal was 
observed to be reversed in phase with respect to the L+L signal, 
this phase difference was also manifested in the position of the 
maxima and the minima in the frequency spectrum. 
The frequency spectrum of the scattered signal from the pro-
late spheroid-like inclusion (see Fig. 8) located approximately 
one major axis from the surface also showed structures due to the 
presence of the surface although a detailed identification of all 
the interference processes is more difficult because the inclusion 
is only approximately spheroidal in shape. 
APPPLICATION OF THE ONE-DIMENSIONAL INVERSE BORN ALGORITHM TO THE 
SIZING OF NEAR-SURFACE FLAWS 
The one-dimensional inverse Born approximation has been success-
fully applied in the determination of flaw characteristics for NDE 
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Fig . 11. Time domain and frequency domain scattering signals from 
a 56 ~m radius sphere at 2 = 710 ~m and 220 (in water) 
incident angle . 
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Fig. 12. Schematic drawing showing the L+L echoes and the mode 
converted L+T echo. 
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purposes by a number of investigators [5,6]. The inversion algorithm 
was developed [7] for sizing interior flaws and its performance 
is so far unknown in sizing near-surface flaws. In this section we 
describe our findings in a straightforward application of the one-
dimensional Born inversion to the sizing of near surface flaws. 
In applying the inverse Born sIzIng algorithm to the near-
surface flaws shown in Fig. 7, we have used the scattering signals 
in their entirety as the input to the inversion algorithm and no 
particular difficulties were encountered. An important step in 
the one-dimensional Born inversion is the determination of the zero 
of time (the time at which a signal would have been reflected from 
the center of the flaw, were there a discrete reflector at that 
point). In our data analysis the zero of time is determined by 
estimating the cross-sectional area of the flaw perpendicular to 
the scattering direction from the scattered signal. The plane of 
maximal area is assumed to occur at the center of the flaw. Pu1se-
echo measurements at oblique incidence were made to obtain the flaw 
signal which was then deconvolved with the front surface echo to 
account for the transducer characteristics. The experimental fre-
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quency range corresponded to 0.4<ka<2.5. Results of the inversion 
are shown in Table 4. Using a technique [8] which produces the 
best fit equivalent ellipsoid to a flaw (in the least squares sense) 
based on Born inversion results for a number of interrogation direc-
tions, we have also "reconstructed" the near-surface spheroidal in-
clusion shown in Fig. 8. The results of this reconstruction are 
shown in reference [8]. One can see that our straightforward appli-
cation of the existing one-dimensional inverse Born algorithm has led 
to surprisingly good results for flaws near the surface. The impli-
cations of these results are topics of current study and we shall 
only make a few qualitative c'omments. 1) It is observed that the 
surface-induced L+T and T+T signals are relatively weak as compared 
to the main longitudinal wave echo. As a result, the structure on 
the frequency spectrum of the scattered signal (e.g., interference 
between the L+L and the L+T signals) amounts to a relatively small 
oscillatory modulation and does not seem to greatly alter the long 
wavelength portion of the spectrum. Figure 13 shows the real and 
imaginary parts and the magnitude and the phase of the scattered 
signal from a 56 ~m radius sphere at a depth of 710 ~m after the 
zero of time is correctly determined. 2) The zero of time determina-
tion by means of locating the peak in the area function is not ex-
pected to suffer appreciably degradation if the "trailing" signals 
are sufficiently separated from the main L+T signal since they have 
approximately zero weight upon integration. The zero of time 
determination is also expected to be correct if the mode converted 
signals are temporally unresolved bu~ sufficiently weak. 
Table 4. Comparison of actual radii and l-D Born inversion results 
for spherical inclusions at various depth. 
35 ~m 
200 
440 
710 
CONCLUSION 
r,actual 
54 ~m 
59 
58 
56 
r,l-D Born 
50 ~m 
57 
52 
56 
For flaws which are far from the surface it has been shown that 
absolute scattering amplitudes, characteristic of scattering in an 
infinite medium, can be deduced by applying suitable diffraction 
corrections to data obtained in an immersion configuration. When 
the flaw is closer to the surface, the scattered signals become com-
plicated by additional signals caused by mode conversions both at 
the liquid-solid interface and'at the flaw. However, in this work, 
no signals were identified as being the result of multiple re-
flections between the flaw and the sample surface. Several 
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one-dimensional Born inversions were successfully performed, despite 
the presence of these signals. This suggests that the problem of 
ultrasonically sizing near-surface flaws may not be as severe as 
initially anticipated. 
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